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PXEGTCTED DYNAKIC CHARACTERISTICS OF THE xv-15 
TILTING PRC.P!K!TOR AIRC3AFT IN FLIGHT AND I N  

THE &O- BY 80-FT WIND TUNMCL 

Wayne Johnson * 

Ames Research  Center 
and 

Ames Di rec to ra t e  
U.S. Army A i r  Mobil i ty  R&D Laboratory 

P r e t e s t  prerl.ic:ti.ons of the dynamic c h a r a c t e r i s t i c s  of t he  X!'-15 
t i l t i n g   p r o p r o t o r   a i r c r a f t   a r e   p r e s e n t e i ! ,  The d a t a  f o r   t h e   a i r c r a f t   i n  

fl . ie;ht   includes : trim coni ' i_ t ions ,   f l i ch t   dynamics ,   gus t   response ,  

a e r o e l a s t i c   s t a b i l i t y ,  and  wing  response  to  control.  The d a t a  f o r   t h e  

a i r c r a f t   i n   t h e  Ames bo- by R O - f t  wind tunne l   i nc ludes   ae roe la s t i c  

s t a b i l i t y ,  and the  wing  response to con t ro l .  The c a l c u l a t i o n s  were made 

fo r   py lon  tilt angles   of  0' ( a i rp l ane   node ) ,  0.1' (pylon  unlocked ) , 30°, 

60°, and 30' (he l icopter   mode) ,  

The NASA/Army XV-15 is a r e s e a r c h   a i r c r a f t   i n t e n d e d  to demonstrate 

t h e   f e a s i b i l i t y   o f   t h e   t i l t i n g  propro tor  conf igu ra t ion .  The a i r c r a f t  w i l l  

be   t es te r !   in   the  NASA/Ames 40- by  "0-ft wind tunne l ,  and t h e n   i n   f l i g h t .  

A p r i n c i p a l   o b j e c t i v e   o f   t h e   t e s t  program is  t o   d e t e r m i n e   t h e   a e r e l a s t i c  

c h a r a c t e r i s t i c s  of t h e   a i r c r a f t .   T h i s   r e p o r t  documents   the  pretest   predict ions 

of  the  dynamics  of  the XV-15 a i r c r a f t   i n   f l i g h t  and i n   t h e  w i d  tunnel .  

The a n a l y s i s   o n  which t h e s e   c a l c u l a t i o n s  were  based is descr ibed 

i n  re fe rence  1. The i n p u t  d a t a  a -escr ib ing   the  aircraft  were  obtained 

from re fe rences  2 to 4; t h e   r o t o r   d e s c r i p t i o n  is g i v e n   i n   r e f e r e n c e  5. 

*Research  Scient is t ,   Large  Scale  Aerodynamics  Branch, NASA-Ames Eesearch  Center 
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The dynamics c h a r a c t e r i s t i c s  of t he  XU-15 aircraf t  i n   f l i g h t  were 

calculated as a func t ion  of  forward  speed f o r  f ive   py lon  tilt ang les :  

d p  = 0 ( a i r p l a n e  moiie) , 0.1' (pylon  unlocked),  30°, 60°, and 90' ( h e l i c o p t e r  

mode). The bas ic   opera t ing   cond. i t ion  is t r i m m e d  l e v e l   f l i g h t  a t  a gross 
weight  of 5900 kg: m i d  CG pos i t ion :   sea- leve l ,   s tandard   day ,  and ou t   o f  

ground e f f e c t   ( t h e   i n f l u e n c e s   o f   a l t i t u d e  and  ground e f f e c t  are considered 

f o r   c e r t a i n   c a s e s ) .  The ro tor   speed  is LC5E rpm f o r   a i r p l a n e  mode ( o( p = 0)  , 
and 565 rpm f o r  wp = 9.1' t o  90'. The flap s e t t i n g  is z e r o   f o r   a i r p l a n e  

mode, and 40/25' f o r  CAP = 0.1' to 70' ( see   r e f e rence  2 ) .  Cnly  symmetric 

trimmec! f l i g h t   c o n d i t i o n s  are conr ide re? ,  s o  the  symmetric  and  antisymmetric 

motions of t h e   a i r c r a f t   a r e   u n c o u p l e ? .  

0 

The ana lys i s   inc ludes   the   fo l lowing   degrees   o f   f reedom  for   the  

r o t o r :  gimbal p i t c h  and  yaw, two e l a s t i c   b e n d i n g  modes per blade,   one 

r i g i d   p i t c h  mode pe r   b l ade ,  and the  rotol .   speed  per turbat ion.  It was 

e s t a b l i s h e d   i n   r e f e r e n c e  5 that t h i s  is an  adequate  model f o r   p r o p r o t o r  

dynamics. The ro to r   i n f low  pe r tu rba t ion  is included (a q . u a s i s t a t i c  model 

for   ro tor   msteady   aerodynamics ,   d .escr ibed   in   re fe rence  1): its in f luence  

is small however f o r   t h i s   a i r c r a f t ,   e x c e p t   f o r   t h e   i n - g r o u n d - e f f e c t   c a s e s .  

The a i rc raf t   mot ions   inc luf ie   th ree   r ig id  body degrees  of  freedom ( p i t c h ,  

l o n g i t u d i n a l   v e l o c i t y ,   a n d   v e r t i c a l   v e l o c i t y   f o r   s y m m e t r i c  dynarnice, o r  

r o l l ,  yaw, a n d   l a t e r a l   v e l o c i t y  for anti-symmetric  dynamics) : and f o u r  

e l a s t i c  modes -- fundamental   wing  vertical   bending,  chordwise  ben6ing, and. 

t o r s i o n  ( a l l  the  mod.es below 10  Hz), and pylon yaw. The s t r u c t u r a l   v i b r a t i o n  

mode shapes  and  frequencies  were  obtained  from NASTRAN ca lcu la t ions   supp l i ed  

by the   Be l l   He l i cop te r  Company. A s t r u c t u r a l  damping of 1"'; c r i t i c a l  was 

assumed f o r  a l l  modes. The engine and. transmission  dynamics are modelled., 

inc luding   the   ro tor   speed   governor   ( for   symmetr ic   mot ions)  and t h e   i n t e r -  

connec t   shaf t   ( for   an t i - symmetr ic   mot ions) .  The trim ca lcu la t ion   i nc ludes  

the   e f fec ts   o f   ro tor -wing- ta i l   ae rodynamic   in te r fe rence  (using an  approximate 

. 



mopel  iieecribed. i n   r e f e r e n c e  1). 'The dynamic c h a r a c t e r i s t i c s  were  evaluater! 

x i n g   t h e   c o n s t a n t   c o e f f i c i e n t   a p p r o x i m a t i o n   f o r   t h e   r o t o r ,   w h i c h  is a n  

exce l l en t   app rox ima t ion   fo r   t he  low arlvance r a t i o s   i n v o l v e d   i n   t i l t i n g  

propro tor  aircraft  f l i g h t   c o n r l i t i o n s   ( r e f e r e n c e  5) .  

F'.i.giires 1 a.nr!. 2 p re sen t   t he  r e su l t s  f o r   t h e  X?-15 -trim. The p x e r  

require<?.  is f o r   t h e   t v o   r o t o r s   o n l y   ( f i g u r e  1). The cyc l i c   s t . i ck   pos i t i on  

( 6 ,  , f i g u r e  2)  i e   e q u i v a l e n t  t o  r o t o r   l o n g i t u r l i n a l   c y c l i c   p i t c h   i n   h e l i c o p . t e r  

mode ( d p  = CrO ) ; the   contml   sys tem  schedl i les   cyc l ic   wi th   py lon   angle  s o  

i n   g e n e r a l   t h e   r o t o r   l o n g i t u c ' l n a l   c y c l i c  p::ltcl? equals  As* s inhcp   ( r e fe rence  4).  

The e l e v a t o r   a n g l e  is I.?.? & ( a l l  -?ylon t.ilt sngleE) .  The e f f e c t  of 

aerodynamic   in te r fe rence   in   c ru ise  ( d p  = 0)  is 4ue t o   t h e  wing d.ownNash 

a t  the   ho r i zon ta l  tail, The e f € e c t  of aerodynamic  interference i n  he l i cop te r  

notle (W<Q = 90") is clue to  rotor-inri.ucet'  '*ring sta1.l below 70 !<tlots. 

0 

i;igllres 3 t o  7 give  t h e  veri.:)(: an?  time to half   amplitu6.e  for  the 

;:\'-I5 f l i g h t  c7ynamics mor!es. The principal  influence  of  aeroii .ynanic 

i n t e r f e r e n c e  is in   he l i cop te r   node ,  'iue t o   s t a l l i n g  of the   ho r i zon la1  t a i l  

( f i g u r e s  3 and. LC), The nodel used  assurnes t h a t   t h e r e  a re  no pe r tu rba t ion  

aercdynamic  forces flxm the  t a i l  when i t  is Etallerl.. The aircraf't  flight 
C'ynamics were a l s o  calcul.a.te,!  withoult t h e   r o t o r  speer'. governor   onerat ing.  

The pr inci-pal   inf luence  observe? was on t h e  phugair'  tlanping i n   c r u h e ,  

+:hich  can  even  be  unstable,  clue to  the  reduce#?  1ongiturlina.l  damping (2 ) 
from t h e   r o t o r s  when the  governor is i n o p e r a t i v e ,  The governor was a3 SO 

found. t o  have a s i g n i f i c a n t   e f f e c t  on   the   p i tch  an6 ve r t i . ca1  rnoiies i n  

he l i cop te r   f l . fgh t .  

31. 

A q u a s i s t a t i c   r o t o r  ?ynamics  model is frequent ly   use? f o r  t i l t r o t o r  

f l i g h t  clynamics ana lyses .  Table 1 conpares  the  roots  obtained  u.sing  the 

complete  rlynanics  model  (case 1) an?   u s ing   t he   ap9rox ima te   quas i sh t i c  

model ( f o r  a l l  6.egrees of f reedom  except   the  r igid body  motions,  caSe 2 ) ,  

f o r   t h e  XV-15 i n  hover and. cruise.  The q u a s i s t a t i c  moc'.el is very gooc?. f o r  

'the cases  consic?erec!.. G f  greater importance are the  degrees   of  freed-om 

i n c l u d e d .   i n   t h e   q u a s i s t a t i c  mod.el. Case 3 in Table 1 only   inc ludes   the  

-3 - 



r o t o r   f l a p p i n g  a n d  r o t a t i o m j  ::peed 5egrees  of f r e e d o m ;   t h e r e   a r e   s i g n i f i c a n t  

d i f f e rences   i n   t he   roo t s   w i th   t h i ? .  limitec! model. 

The inf luence  u f  ground. e f f e c t   o n   t h e  X V - 1 5  dynamics i n   h o v e r  i s  

shown i n   f i g u r e  9 ( r o o t  l o c i j  and Table 2 (pe r iod  and tlme t o   h a l f   a m p l i t u ? e ) .  

At h = 1 . 5 ~  ( spprox iaa t e ly )  the  a i r c r a f t   g e a r   c o n t a c t s   t h e   g r o ~ m d .  Ground 

e f f e c t   i n t r o d u c e s  a pos i t j .ve   sor ing   on   the   ver t ica l   mot ions   ( f igure  sa). 

Figure  8b shows the   in f luence  of' the   negat ive 7-01.1 spr ing   due  to ground 

e f f e c t  (rnodelle?. u s i n g  d a t a  from re fe rence  IC ) .  

Figures ' 9  and 10 presen t   t he  p s t  response of t he  XV-15 aircraf t  i n  

c r u i s e   f l i g h t  (HQ = 0) .  The ~ P L S  a c c e l e r a t i o n  a t  t h e   p i l o t   s t a t i o n  is  

g iven ,  f o r  u n i t  rms gus t   ve l -oc i ty .  A g u s t   s p e c t r u m   c h a r a c t e r i s t i c   o f  

low a l t i t u ? e   f l i g h t  was w e ?   ( s e e   r e f e r e n c e  6 )  . An rms g u s t   s t r e n g t h   o f  

rG = 2 m/sec is t y p i c a l  of  c l e a r  a i r  turbulence (:AT), and rG = 6 m/sec 

for thunderstorms.   This   for  V = 2P.O kno t s ,   t he  3- v i b r a t i o n   l e v e l  i n  CAT 

is  about  .?e v e r t i c a l l y ,  ,555 longi tudina l . ly ,  and .65g l a t e r a l l y .   T h e r e  is 

l i t t l e   i n f l u e n c e   o f   t h e  SAS ( a t t i t u d e  hold  on o r   o f f )  on   the   gus t   response .  

'The q u a s i s t a t i c  model is n o t   s a t i s f a c t o r y  for c a l c u l a t i n g   t h e   g u s t   r e s p o n s e ,  

due t o   t h e   p a r t i c i p a t i o n   o f   t h e   r o t o r  and a i rcraf t  e l a s t i c  modes. 

Figure 11 shows t h e   n a t u r a l   f r e q u e n c i e s   o f   t h e   a i r c r a f t   s t r u c t u r a l  

v i b r a t i o n  modes (NASmAN ca lcu la t ions ) .   F igu res  1 2  and 13 p resen t   t he  

a e r o e l a s t i c   s t a b i l i t y  o f  t he  XU-15 aircraft  i n   c r u i s e  moc'e f l i g h t  ( q p  -- 0)  

a t  s e a   l e v e l .  The p r e d i c t e d   s t a b i l i t y  bound.ary is a t  V = 300 kno t s .  

Note t h a t   t h e  a i rcraf t  v i b r a t i o n  mode s h a p e s   a r e   q u i t e  complex, p a r t i c u l a r l y  

for   ant i -symmetr ic   motions,  s o  the   r les igna t ion   of   the  rwc7es as v e r t i c a l  

benr! ing ,   chordwise   bending ,   o r   to rs ion   does   no t  imDly uncoupled  motions. 

F igures  1LI. t o  17 p r e s e n t   t h e   a e r o e l a s t i c   s t a b i l i t y   f o r   p y l o n   a n g l e s  

9 = O . l o ,  30°, 60°, and 90' respec t ive ly .   There  is l i t t l e   e f f e c t  of  

aerodyna!?ic   interference,   the   rotor   syeei i   governor ,   or   the  SAS on  the  dynamic 

s t a b i l i t y .   F i g u r e  18 p r e s e n t s   t h e   a e r o e l a s t i c   s t a b i l i t y  of  the  SV-I5 i n   c r u i s e  

f l i g h t  a t  a n   a l t i t u d e   o f  3P.oGn-1. The :-redicted s t a b i l i t y  boundary is a t  
V = 340 knots .  
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The d.ynamic c h a r a c t e r i s t i c s  were a l so   ca lcuMed.   for   the  XV-15 
aircraft i n  t he  Ames 40- by 80-ft wind tunnel .  The a n a l y s i s  used b a s i c a l l y  

t h e  same model 2s described  above f o r  t h e   f r e e   f l i g h t  case. F igure  19 
shows the   na tu ra l   f r equenc ie s   o f   t he  aircraft s t ruc tura l  v i b r a t i o n ,   i n c l u d i n g  

the   s t ru t   and   ba lance   f rame mdes.  The v i b r a t i o n  modes and   f r equenc ie s   fo r   t he  

aircraft i n   t h e  wind tunnel  were cal..cul.ated  by coupl ing   the  NASTRAN r e s u l t s  

f o r   t h e   a i r c r a f t  f ree  v i b r a t i o n   ( f i g u r e  11) wi th   t he   ba l ance   and   s t ru t  model 

described. i n  r e fe rence  7. The l5-ft s t ru t /33 - in   t i p   combina t ion  was considered.  

The s t i f f n e s s  for th i s   combina t ion  was estimated  based  on  shake t e s t  r e s u l t s  

f o r   o t h e r   s t r u t / t i p   c o m b i n a t i o n s .  The balance  motions  have l i t t l e   r o l e  i n  

t h e   a i r c r a f t   d y n a m i c s .  However the  support   system  has  a s i g n i f i c a n t   e f f e c t  

on the   f requencies  compared t o  free v i b r a t i o n ,  and. i t  a d d s  symmetric and 

a n t i - s y m m e t r i c   s t r u t  modes t o   t h e  dynamic  system. 

F igures  20 and 21 p r e s e n t   t h e   a e r o e l a s t i c   s t a b i l i t y   o f   t h e  XV-15 
a i r c r a f t   i n   t h e  wind tunnel  a t  -+= 0 ( a i r p l a n e  mode). The predicted 

s t a b i l i t y  boundary is V = 260 kno t s ,  beyond the  speed  capabi l i ty   of   the  

tunnel.  F'igure 22 t o  25 p r e s e n t   t h e   a e r o e l a s t i c   s t a b i l i t y   f o r   p y l o n   a n g l e s  

of o(p = 0.1 , 30°, 60°, and 90' r e spec t ive ly .  

0 

0 

The X?-15 a i r c r a f t  will b e   t e s t e f i ,   i n   f l i g h t  and j.n t h e  winr? 

t u n n e l ,   u s i n g   t h e   r i g h t  wine; f la?eron  ana  the r i g h t  r o t o r   c o l l e c t i v e   p i t c h  

t o   e x c i t e   t h e   a e r o e l a s t i c  mofies. Figure 26 shows t h e   t r a n s f e r   f u n c t i o n s  

(magnitucle an? phase) of t he  wing  bending  response  to   control  f o r  the  

a i r c r a f t   i n   c r u i s e   f l i g h t  a t  ir = In0 kno t s .  The abscj .ssa  is t h e   e x c i t a t i o n  

frequency,  normalizer3 by r o t o r   r o t a t i o n a l  speer? ( i .e. p e r   r e v )  . The wing 

bending ( a t  the  mi;l .-spn) is consj.dere8 t o   e l i m i n a t e   t h e   r i g i d .  borly motions 

from the   response  a t  low f requency.   Figure 27 shows t h e   t r a n s f e r   f u n c t i o n s  of 

t he  wing t i p   d i s p l a c e m e n t   r e s p o n s e   t o   c o n t r o l   f o r   t h e   a t r c r a f t   i n   t h e  win? 

tunnel  ( V  = 180 kno t s ,  up = 0) .  
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This   r epor t   has   p re sen te? .   t he   p re t e s t   p red ic t ions   o f   t he   ae roe la s t i c  

c h a r a c t e r i s t i c s  of t he  x-15 a i r c r a f t  for the  win? tunne l  an? f l i g h t  tes ts .  

These r e s u l t s  may be  update? as more information about t h e   a i r c r a . f t   p r o p e r t i e s  

hecomes a v a i l a h l e ,  ,c..uch as from s h a k e   t e s t s  of  t h e  airframe, These 

pre? ic t lons   p rovide  ir guir'e for t h e   t e s t i n g   o f   t h e  XY-l5, an?  correspond.ingly 

co r re l a t lon   w i th   t he   expe r? . ?en t .~ l .  6ata will fur ther   vz i l i? .a te   the   p roFrotor  

a n s l y t l c a l  rno+.eI, an' t h e   u n e e r s t a n 3 i n g   o f   t i l t i n g   p r o p r o t o r   a i r c r a f t  

c1yna.mics u w n  which  the rco12el is base?.  
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Table 1. XV-15 aircraf t  i n   f l i g h t ,   q u a s i s t a t i c   a p p r o x i m a t i o n  
f o r   r o t o r  dynamics 

A .  Hover 
long i tud ina l  modes 

o s c i l l a t o r y   p i t c h   v e r t .  

I . Somple t e  dynamics 
model 

2.  Q u a s i s   t a t i c  d.ynamics 10.97 2.370 
3. Quas i s t a t i c ,   w i th   on ly  

2.650 1,001 

r igid.  boc?y, r o t o r   f l a p ,  
and. r o t o r  speed + .epees  
of  freedom 

11.21 2.366 1.997 1.0b3 

I 
3 S . Cruise ( 200 knots)  
I longitud.ina1 mo6es 

shor t   per iod  Dhugo i? 
T tl 1 tl r7 

- - 
2 

1. Complete  dynamics 
model 

2. Quas i s t a t i c  dynamics 2.400  ,3248  126.43 31.5Ll 
3. .Lluasist,atic,  with  only 

r i g i d  body, r o t o r   f l a p ,  2.275  ,3278  27.53 31.14 I and r o t o r  speed degrees 
of  freedom 

l a t e r a l  modes 
o s c i l l a t o r y   r o l l  

l a t e r a l  mor! es 
clutch r o l l  r o l l .  

Ti, 

t i  - tl " 
3 

7. .9 17 . Q131 .64-04 
2.320  .8480 ,6033 

2.853 .7R14 ,7122 



Table 2. Tnfl.uence o f  ,qoun?. e f f e c t  on X V - 1 5  hover 
f l ight   dynanics .  

A .  Longitudinal modes 

a1 ti tude CG 
above grounr! 

00 (CGZ) 

7.6 m 

6 .? 
6.1 
5 *3 
4.6 
3.8 
3.0 

2.3 
1 *5 

B .  La te ra l  modes 

a1titud.e CG 
above  ground. 

00 (GGE) 

7.6 m 

5.7 
6.1 
5.3 
4.6 

3 98 
3.0 
2.3 

1 a 5  

o s c i l l a t o r y   p i t c h   v e r t i c a l  
Ti' t2 tl 

10.9?2 2.320 1.018 2.639 

10.97 2 .34b 1.006  3.342,  13.58 

10 .?7 2.346 1.005 T = 166.9, ti=5.11.07 

10 .?7 2.349 1.005 '71 .!I1 5.436 

10.97 2.352 1 ,004 47 .34 5 ,149 2 

ti - 
7 

10 -97 2.345 1.005 3.779, 9.353 

2 

10.37 2.356 1.003 34.47 5 . y 1  

10.98 2.400 .995 25 .63 5 -707 

10.98 2.433 .982 19.09 5.973 
IO .9F, 2 . 'L59 979 13.83 6.573 
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Figure  2. XV-15 aircraf t  i n   f l i g h t ,  sea l e v e l  trim: aj-rcraft 
p i t c h   a n g l e  0 F  and l o n g i t u d i n a l   c y c l i c   s t i c k   p o s i t i o n  5, . 
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Figure  4. XI‘-15 a i r c r a f t   s e a   l e v e l   f l i g h t  ?ynamics: phugoir! 
mode period a n d  time t o  half  amplitude. 
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Figure 6. XT!-15 a i r c r a f t   s e a   l e v e l   f l i g h t  clynamics: roll mode 
time t o  half   ampli tude.  
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Figure 7. X1'-l5 a i r c r a f t  sea l e v e l   f l i g h t  dynamics:  yaw/spiral 
mode t ime  to   half   ampli tude.  
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(a)  Long i tud ina l   roo t s  -- v e r t i c a l   a n d   o s c i l l a t o r y  mod.es . 
Figure  8. XV-15 a i r c r a f t   f l i g h t  dynamics for hovering i n  ground e f fec t ;  

r o o t   l o c i   f o r   a l t i t u c ! e   o f  CG above  ground from i n f i n i t y  
( o u t   o f  ground effect)  t o  h = 1.5m. 

-17- 



Im X 
.o IO 

\ 0 Out  of   ground  ef fect  1 
[7 In   g round  e f fec t  t".l..- 

Re X 

(b) Lateral r o o t s  -- yaw and o s c i l l a t o r y  modes. 

F i g u r e  3. 'Joncluclerl . 
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It-igL1.re ?. ,:'/-I5 a i r c r a f t  rns guet   response 2-t F i l o t  s t a t l o n  
i .n  sea l e v e l   c r u j s e   f l i g h t  ( OCQ = CJ). :. 'ertica.l 
( a  ) a.n+ 1onEi tu : ina l  (a ) a c c e l e r a t i o n   r e s p n s e   t o  
conbined v e r t i c a l  ant;. longi tur l inal   gusts .   (See 
r e fe rence  4 f o r   t h e  SAS nodel.  ) 

7, X 
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Figure 10. XV-15 a i r c r a f t  r n s  gus t   response  zt pilot s t e t i o n  
i n  sea l e v e l   c r u l s e   f l i g h t  (mp = 0 ) .  L a t e r a l  
a c c e l e r a t i o n  (;I ) r e s F n s e  t o  l a t e r a l  gusts. (See 
re ference  4 for the  SAS no!?el. ) Y 

-20- 



I 

IO 

9 

8 

7 

6 

Frequency, 
HZ 

5 

4 

3 

2 

I 

Symmetric modes 

t 
/ 

/ 

Wing  chord P 

Wing vertical "- "-. 

I 9.1 0 

O P  

Anti - symmetric modes 

t 
/ 

P' 
/wing  torsion 

"""J 
0.1 

OP 

0 

Figwe 11. :<:'-I5 aircraf t  i n  f l t g h t ,  natural f requencies  of 
t he  s true tural vibration modes ( = 0.1 is 
a i m l a n e  noc7e wit.h pylon unlocked; 0ce = f~ 5.s 
pylurl  luckeu). 
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(a) Symmetric modes 

Figure 12.  XV-15 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y   i n   f l i g h t ,   r o o t  
1.0cus f o r  V = 160 t o  320 knots (AV = 20 knots). 
Sea l eve l  c r u i s e   f l i g h t ,  ~ c p  = 0. 
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(b)  A n t i - s p n e t r i c  mod.es 

Tigure 12. ~2oncluc"ecl 
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F i g m e  13. XV-15 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y   i n  sea l e v e l  
f l i g h t :  clamping r a t i o   f o r  D(p = 0 .  ( a i r p l a n e  mode). 
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Figure 14, XV-15 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y  i n  s e a   l e v e l  
f l i g h t :  damping r a t i o   f o r  Ocp = 0 .  lo (pylon  unlocI:eC8), 
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Figure 15. XV-15 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y  i n  sea  level 
f l i g h t :  damping r a t i o  f o r  Dcp = 30’. 
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Figwe 16. xv-15 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y  i n  sea   l eve l  
f l i g h t :  damping r a t i o  f o r  aP= 60°. 
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Figure 17. XV-15 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y  i n  sea l e v e l  
f l i g h t :  damping r a t i o  f o r  D<p = 90’ ( h e l j x o p t e r  mor’e). 
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F i g m e  18. ,w-l5 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y  i n  f l i g h t  
a t  3800m a l t i t u d e :  damping r a t i o   f o r  wp = 0 
( a i r p l a n e  mod e )  . 
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Figure 19. SV-15 aircraft  i n   t h e  wind tunnel,  nat1.1ra1  freq1,lencies 
of  t h e   s t r u c t u r a l   v i b r a t i o n  modes. 
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(a) Symmetric modes 

F igure  20. X - 1 5  aircraft a e r o e l a s t i c   s t a b i l i t y   i n   t h e  wind. t u n n e l ,  
r o o t  locus f o r  V = 100 t o  300 kno t s  (Air = 20 kno t s ) .  
A i rp l ane   conf igu ra t ion ,  wp = 0. 
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(b) Anti-symmetric modes 

Figure 20. Conclucler! 
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(a)  Symmetric modes. 

Figure 21. XV-15 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y   i n   t h e  wind. 
tunnel :  damping r a t i o  for D(p = 0 ( a i r p l a n e  mode). 
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(b) Anti-symmetric modes. 

Figure 21. Concluded 
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Figure  22. XV-15 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y   i n   t h e  wind 
tunnel :  damping r a t i o   f o r  Wp = O s l o  (pylon  unlocked).  
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Figure 23. XU-15 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y   i n   t h e  wind 
t u n n e l :  damping r a t i o  for WQ = 30°. 
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Figure 24. X V - 1 5  aircraft  a e r o e l a s t i c   s t a b i l i t y  i n  the  wind 
tunne l  : damping r a t i o   f o r  o( = 60’. 
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Figure 25. XV-15 a i r c r a f t   a e r o e l a s t i c   s t a b i l i t y   i n   t h e  wind 
tunnel :  d.amping r a t i o  f o r  wee = 90' ( h e l i c o p t e r  mode). 
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(a) Symmetric chord. bending   response   to   co l lec t ive   input .  

Figure 26. XV-15 a i r c r a f t   i n   f l i g h t ,   t r a n s f e r   f u n c t i o n s   o f  wing  bending 
r e s p o n s e   t o   c o n t r o l   ( s e a   l e v e l   c r u i s e  at V = lis0 knots ,  wp = 0 ) .  
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(b)  Anti-symmetric chord bending  response t o  co l lec t ive   input .  

Figure 26. Continued 
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( c )  Right  w i n g  cho rd   bend ing   r e sponse   t o   r i gh t   ro to r   co l l ec t ive   i npu t .  

F igure  26. Continued 
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(d) Left  wing chord benesine; r e s p o n s e   t o   r i g h t  r o t o r  c o l l e c t i v e   i n p u t ,  

Figure 26. Continued 
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( f )  Ant i - symmetr ic   ver t ica l   bending   response   to   f ' l aperon   input .  

Figure 26. Continued 
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(g )   R jgh t  wing v e r t i c a l  benri ing  response  to   r ight   wing  f laperon  input .  

F igure  26. Continued 

-45- 



W 

V 

( h )  L e f t  :.ring ve r t i ca l   bend ing   r e sponse  t o  r i g h t  wing f l ape ron  i n p u t .  

5'igure 26. Concluded 
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( a )  Symmetr ic   chord  displacement   response  to   col lect ive  input .  

F i v e  27. XY-lj aircraft i n  the winti t u n n e l ,   t r a n s f e r   f u n c t i o n s  of  wing 
t t p   d i s p l a c e m e n t   r e s p o n s e  to  c o n t r o l   ( a i r p l a n e   c o n f i g u r a t i o n  
a t  V = 180 kno t s ,  o(p = 0 ) .  
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(b) Anti-symmetric  chord  rl.isplacernent  response t o  co l lec t ive   input  

Figure 27. Continued 
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(c )  Right  wing  chord  $.isplacement  response to r i g h t  rotor c o l l e c t i v e   i n p u t .  

F igure  27. Continued 
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( 6 )  L e f t  wing  chord  displacement  response to r i g h t  r o t o r  c o l l e c t i v e  i n p u t .  

-- . 
il l gu re  3.7. Zontjnuerl 
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(e )  Symmetric ve r t i ca l   d i sp l acemen t   r e sponse  t o  f lapercn inpu t .  

Figure 27 , Continued 
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(g) 3iC;ht  wing ver t ical   d isplacement   resuonse  to   r ight  wine f laperon  input .  

Figure 27. Con t i-nueci. 
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( h )   L e f t  wing ve r t i ca l   d i sp l acemen t   r e sponse   t o   r i gh t  wing f l ape ron   i npu t  

Tigure 27. Concluded. 


